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Introduction
Failures affecting primary control surfaces are major threats to flight safety. While triple and quadruple physical redundancy is typical for the on-board network of sensors, physical redundancy is rarely available for actuator failures. Following actuator failures fault tolerant flight control systems may allow to avoid unrecoverable flight conditions, to regain equilibrium and to continue the mission. Due to the unique dynamic signature of each and every failure, it is not possible to train pilots in an exhaustive manner.
Artificial intelligence tools have shown to be promising tools to design fault tolerant flight control systems. In particular, several neural and fuzzy controllers have been proposed for these tasks [1] [2] [3] [4] . The design of these controllers is challenging and needs the support of extensive numerical simulation capabilities.
The research effort described in this paper has been performed within the context of simulating the dynamics of an intelligent flight control systems, the NASA Dryden F-15 Intelligent Flight Control System. In particular a failure modeling strategy has been developed and applied for longitudinal control surface blockage and partial destruction [4] [5] [6] [7] . The objective was to express the forces and moments generated by each individual control surface in terms of a parameter that can be easily associated with the "amplitude" of the failure. The selected parameter was the non-dimensional derivative of the normal force with respect to surface deflection.
This failure modeling approach has been extended in this paper on all three axes and a general formulation has been developed for the most common failure scenarios, that is actuator blockage with and without a missing portion of the control surface. The method is based on the assumption that when a control device failure occurs, an alteration of the aerodynamic forces and moments results which is equivalent to a loss of "aerodynamic efficiency". The contribution of each individual control device to the total external forces and moments is then isolated and expressed in terms of one single parameter that is easily accessible during simulation. Numerical simulations are presented for failures involving elevators/stabilators, ailerons, and rudder occurring separately and simultaneously.
General Formulation for Aerodynamic Forces and Moments
Given the state vector and the control vector described by:
Note that, in order to be able to accurately model and simulate failure scenarios, symmetric surfaces controls need to be considered separately (for example, left and right elevator, left and right ailerons, etc.) and included as such in the control vector u .
Let the aerodynamic force and moment components vector, in body reference frame, be:
expressed as vector functions of the state variables, their time derivatives and control variables in the form:
Note that the functions f can be either analytical or obtained from experimental data and/or look-up tables. Equation (3) can be rewritten by separating the various contributions:
where xWB f represents the contribution of the wing and body of the aircraft to the forces and moments while xC f represents the contribution of the control surfaces. Furthermore, the contributions from the control surfaces can be expressed as in the following:
where the efficiency parameters k u E will be later defined. A typical relationship for the function f is in terms of a ν -order polynomial. In this case the functions above can be rearranged as:
where:
The order of the polynomial is:
The total number of polynomial terms for the general case is given by:
Note that vector FM may include propulsive forces and moments as well if they are used for control purpose.
Considering equation (6) for all six components of the force and moment vector we can rewrite it in the equivalent form:
where: 
Failure Definition
In this context "control surface" is referred as the most common aircraft control device; however, the outlined approach can be extended to other control devices, such as thrust vectoring.
A 'control surface blockage' implies that, after the failure occurrence at time 1 f t , the deflection of the control surface is no longer controllable since it either remains fixed at the value corresponding to 1 f t or at a value reached shortly after 1 f t (which is not a commanded position but a result of the failure). This behavior mainly characterizes a failure of the actuator or other actuator related mechanisms.
Of different nature is a 'destruction type failure', which means that the "aerodynamic efficiency" of the control surface is deteriorated starting at the failure occurring moment 2 f t . In this context "efficiency" is defined in terms of a significant parameter of the control surface modeling, for example the non-dimensional derivative of the normal force with respect to the elevator deflection (elevator control derivative) e L C δ . A surface damage parameter d s will describe the importance of the failure by means of the ratio between the efficiency parameter after and before the failure occurring moment. Therefore: The two types of failure described above may occur separately or simultaneously. For simulation purposes the following parameters need to be defined: -Time at which a blockage type failure occurs (if any) for each control surface:
-Time at which a destruction type failure occurs for each control surface:
-Amount of the efficiency deterioration or the failure "amplitude" expressed as the ratio between the efficiency parameter after and before the failure:
Modeling of Control Failures
The occurrence of a failure on control surfaces typically implies an alteration of the aerodynamic forces and moments results. A failure involving a blockage of the control surface at a fixed deflection value does not alter the aerodynamic properties of the control surface. Therefore, all the formulation to compute the forces and moments remains unchanged; the only real modeling issue is that each surface in a pair (left & right) will have different deflections and needs to be considered individually.
A control failure that involves physical destruction of the control surface will alter the aerodynamic modeling in such a manner that might be impossible to model in the general case. In general this alteration may be both qualitative and quantitative. It is assumed that this alteration is only quantitative in the sense that the forces and moments generated by the control surface after the failure differ from those before the failure by a proportional factor ( d s ) affecting the efficiency parameter, that is:
First, the efficiency parameters
need to be identified/defined for each control surface. Then, the expressions for the forces and moments must be formulated in the form (5) using polynomial approximations and/or simple relationships between various aerodynamic parameters. Examples of this modeling are outlined below for different failures. 
Considering that: (5) is negligible. In other words, the effects of aileron failure on stability derivatives are negligible and only the effects on the control derivatives are considered. In particular, these will be the lateral control derivatives of the lateral force, rolling and yawing moments. The total contribution of the ailerons to the lateral force can be expressed as: δ is the wing geometric dihedral angle. The contribution of the ailerons to the roll moment is then modeled by:
Similarly, the contribution of the ailerons to the yaw moment is modeled by:
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Considering that the yawing moment associated with a failure on the ailerons is the result of the different drag on the two surfaces and assuming a parabolic lift/drag relationship, the expression in (33) will be reduced to:
Next, using equation (30):
Therefore, the final relationship in terms of the efficiency parameter will be given by: 
Aircraft Model
The aircraft model used in this effort is based on the aerodynamic and thrust data of a high performance aircraft distributed to academic institutions by NASA for the 1990 AIAA GNC Design Challenge 9 . Upon analysis of the data the aircraft model was found to be a "disguised" F-15 model. The provided aerodynamic data is structured as a set of 42 look-up tables functions of the following variables: Mach number, angle of attack, symmetric and differential stabilator deflection, sideslip angle, altitude, aileron, and rudder deflection.
The look-up tables were processed to isolate the contribution of individual control surfaces following the ideas just presented in order to be able to simulate control surface failures. For the purpose of illustrating the procedure, the lift coefficient is considered. In particular, the lift coefficient is determined by 2 look-up tables with the general form:
where z a is the vertical accelerometer output. First, a polynomial ( 
Assuming the contributions of the left and right stabilators to be equal at nominal conditions the respective terms in (53) are further split in two equal parts. All other look-up tables are processed in a similar manner and the isolated control surface contributions are assumed to be proportional to the respective efficiency parameter. The process is illustrated in Figure 1 .
Numerical Simulation Results
The simulation has been performed in the MATLAB/SIMULINK environment using the Flight Dynamics and Control Toolbox 10 . Two types of control surface failures -jammed control and deteriorated (missing) surface -have been considered and assumed to occur separately and simultaneously. Doublet inputs were simulated on the aircraft dynamics before and after the failure occurrence.
Due to the uniqueness of the simulated conditions, experimental data were not available for comparison. Therefore, the response of the aircraft under failure conditions is compared against the response at nominal conditions. Figures 2 to 6 show the time histories of critical flight parameters -airspeed, angle of attack, pitching, rolling and yawing Euler angles -for left stabilator failure conditions. The input consists of two sets of stabilator doublets before and after the occurrence of the failure at t=40 sec. The failure-induced dynamic coupling between longitudinal and lateral/directional dynamics can be noticed.
Figures 7 to 11 shows the time histories of airspeed, rolling and yawing Euler angles and rates for left aileron failure conditions. Similarly, the input consists of two sets of aileron doublets before and after the failure occurrence at t=40 sec.
Finally, Figures 12 to 15 show the time histories of rolling and yawing Euler angles and rates for left rudder failure conditions. The input is also consisting of two sets of rudder doublets before and after the occurrence of the failure at 40 seconds.
Conclusions
A general formulation for aircraft control device failure modeling has been developed by extending a method for longitudinal control to controls on all three axes.
Numerical simulations for two types of control failure are performed: jammed control and deteriorated (missing) surface, acting separately and simultaneously.
Although experimental data were not available for validation it may be concluded that results are qualitatively correct and the aircraft response is as expected. 
